Objective: To assess the safety and efficacy of ablative fractional resurfacing (AFR) for nonacne atrophic scarring.
Results: Adverse effects of treatment were mild to moderate, and no scarring or delayed-onset hypopigmentation was observed. At the 6-month follow-up visit, patient and investigator scores demonstrated improvements in skin texture for all scars (patient range, [1] [2] [3] [4] 3.05] ). Image analysis revealed a 38.0% mean reduction of volume and 35.6% mean reduction of maximum scar depth.
Conclusion:
The AFR treatments represent a safe, effective treatment modality for improving atrophic scarring due to surgery or trauma.
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A TROPHIC SCARRING OCCURring after surgical procedures or trauma is a common cosmetic problem for patients. Atrophic scars, which present as topographical depressions, result when dermal collagen and connective tissue production during the physiologic wound-healing process inadequately compensate for the tissue loss present after injury. Wound tension, tissue apposition, individual variations in wound healing, and scar contraction are all factors that contribute to the creation of a depressed, atrophic scar. With varying success, numerous ablative, nonablative, and fractional devices have been used to stimulate neocollagenesis and dermal remodeling in an attempt to improve the appearance of atrophic scars.
Carbon dioxide (CO 2 ) lasers have been successfully used for many years to treat surgical,atrophic,andacnescars.
1,2 High-energy short pulses from the 10 600-nm CO 2 laser rapidlyvaporizewater,intracellularlyandextracellularly, which creates precise levels of tissueablationandminimizesextraneousdermal injury and scarring. 3, 4 Resurfacing with the CO 2 laser ablates and smoothes the skin surface to precise tissue depths, and the deeper thermal coagulation of the dermis drives robust remodeling and neocollagenesis, which correspond to clinical improvement in atrophic scars.
Although effective in improving scar appearance, CO 2 laser resurfacing generates significant tissue damage and therefore carries higher risks of adverse effects. After facial resurfacing, the average time to reepithelialization is at least 5 to 7 days, and the postprocedure erythema generally lasts 4 to 8 weeks, depending on the depth of ablation and extent of thermal injury. 6, 7 This prolonged recovery often prevents patients from resuming normal activities in a timely manner. Other potential transient adverse effects include edema, oozing, milia, crusting, pain, acne flares, and pruritus. More serious adverse effects include bacterial infection, viral reactivation, scarring, and immediate or delayed permanent pigmentary alteration. Delayed-onset hypopigmentation is a welldocumented adverse effect of CO 2 laser resurfacing, and this effect detracts from the overall cosmetic outcome and significantly lowers patient satisfaction. 8 The risky adverse effect profile and prolonged recovery period deter many physicians from using CO 2 laser resurfacing for scar revision.
The advent of fractional photothermolysis (FP) revolutionized the field of laser surgery by delivering light energy in a unique beam pattern. 9 Nonablative FP uses erbiumdoped 1550-nm laser light to create columns of tissue coagulation in a pixilated pattern (also known as microthermal zones [MTZs]) just below the skin surface. These MTZs are separated by healthy, untreated tissue and protected by an intact overlying epidermis. Density and depths of MTZs can be modified according to the desired clinical result. The presence of an intact overlying epidermis and healthy tissue surrounding each MTZ results in rapid healing and significantly shortened recovery time. 10 The most commonly observed posttreatment adverse effects of FP are transient and mild and include erythema, edema, dryness, pruritus, and bronzing. 11, 12 With nonablative FP, despite the lack of tissue ablation, scarring can be moderately improved with a series of treatment sessions. 13 An ablative 30-W CO 2 laser (Fraxel Re:pair laser; Solta Medical, Hayward, California) combines CO 2 laser ablation with an FP system in a treatment known as ablative fractional resurfacing (AFR). A pixilated pattern of microscopic ablative wounds surrounded by healthy tissue is delivered to the skin, 14 and this combines the enhanced efficacy of tissue ablation with the shorter healing times and improved safety of FP technology. The AFR treatment avoids widespread epidermal coagulation while generating zones of tissue ablation and thermal coagulation much deeper than those seen with traditional ablative resurfacing. Deep zones of ablation and coagulation produce robust dermal remodeling, tissue tightening, neocollagenesis, and, ultimately, clinical improvement in atrophic scarring.
Treatment with AFR was previously demonstrated to safely improve the appearance of atrophic acneiform scarring 15 by reducing the depth of individual scars. In this prospective study, we evaluated the efficacy of AFR in the treatment of atrophic surgical and traumatic scars. An optical profiling system (Primos Imaging; GFM; Tetlow, Germany) allows high-resolution topographical imaging of cutaneous scars and calculation of quantitative volumetric and depth changes in atrophic scar volumes before and after treatment. 16 
METHODS
Our patient population consisted of 15 enrolled women with Fitzpatrick skin types I through IV, aged 21 to 66 years, who presented with 22 nonacne, atrophic scars between June 1 and November 30, 2007. Potential patients were excluded on the basis of active infections or cancer, a history of keloid formation, allergies to lidocaine, isotretinoin use within the past 12 months, smoking, connective tissue disease, pregnancy, or cosmetic procedures in the treatment area within 12 months of enrollment. In this single-center study, all treatments were performed by the physician investigators according to the study protocol. Informed consent was obtained from each patient before treatment during this institutional review boardapproved study. Three enrolled patients (3 scars) did not return for follow-up visits after the first AFR treatment, and they were excluded from the study. The remaining 12 patients with 19 atrophic scars received 3 AFR treatments for each scar at 1-to 4-month intervals and participated in follow-up through 6 months after the final treatment. Patients returned for evaluation 1 month after treatment, and subsequent treatments were delayed if moderate to severe erythema was noted at the treatment area. The presence of mild erythema is not a contraindication for subsequent treatment, and additional treatments were performed if mild erythema was noted at 1 month. Table 1 displays the location, etiology, duration, prior treatments, and treatment settings for each scar. Eight patients underwent treatment on 1 scar, and 2 patients each had 2 scars treated. One patient had 3 scars and another had 4 scars treated in the study. Most of the enrolled scars (16 of 19) were the result of surgical procedures, but 3 scars from 2 patients were due to traumatic injury. Most of the enrolled scars (14 of 19) were located on the face, with the remaining located on the neck (1), upper extremity (1), and upper trunk (3).
Prophylactic valacyclovir hydrochloride (Valtrex; GlaxoSmithKline, Research Triangle Park, North Carolina) was administered to 4 patients before treatment during the study because of the proximity of the treated scar to the perioral region. Fifteen minutes before the treatment, each scar was wiped with a pad containing alcohol, 70%, and anesthetized with a combination of subcutaneous lidocaine hydrochloride, 1%, and 1:100 000 epinephrine. One patient with extensive traumatic scars to her cheeks received oxycodone hydrochloride plus acetaminophen orally and ketorolac tromethamine intramuscularly before the treatment.
All treatments were performed with a prototype laser system (Fraxel Re:pair) using a fixed spot size of 120 µm. Each treatment area included the entire scar and the skin immediately surrounding the scar. Pulse energies ranged from 20 to 100 mJ per pulse. Densities ranged from 100 to 300 MTZ/cm 2 per pass, with 1 to 3 passes per treatment area for a final density of 100 to 900 MTZ/cm 2 . The treatment settings listed in Table 1 have been converted to the percentage of coverage to correspond to the production model of the treatment laser. The energy delivered to each 0.5 cm 2 of scar ranged from 0.01 to 0.03 kJ depending on treatment settings. The rolling hand piece used to deliver the laser energy adjusts to the speed at which the operator moves, so each pass delivers the same energy and spot density per area covered.
Posttreatment erythema, edema, petechiae, scarring, pinpoint bleeding/crusting, and dyschromia were graded (on a scale of 0-3) by investigators at 3, 7, and 30 days after each treatment and at 1, 3, and 6 months after the final treatment. Investigators also recorded any other adverse event noted during each patient visit.
Improvements in the quality of skin texture and pigmentation, degree of skin atrophy, and overall appearance were graded on a quartile scale (0 indicates no improvement; 1, 1%-25% improvement [mild]; 2, 26%-50% improvement [moderate]; 3, 51%-75% improvement [marked]; and 4, 76%-100% improvement [very significant]) by patients and investigators after each treatment and at 1, 3, and 6 months after the final treatment. Objective measurements of scar volume and maximum depth were achieved with the 3-dimensional optical profiling system (Primos Imaging), which generated a 30ϫ40-mm highresolution topographic representation of each atrophic scar. The 3-dimensional images of each treated scar were obtained before treatment and 6 months after the final treatment. For 5 scars, pretreatment and 6-month follow-up 3-dimensional images were precisely matched and aligned so that identical shapes could be drawn to mark the exact scar location in both images. With the use of the imaging software, the volume of the topographical depression within each marked scar area was calculated for pretreatment and follow-up images. The percentage of improvement in scar volume was calculated for each of the 5 scars. In addition, for these 5 scars, the maximum scar depth was calculated at baseline and at 6 months after treatment. The 3-dimensional images for the remaining 14 scars were of insufficient quality to allow precise alignment and accurate comparison; therefore, quantitative posttreatment depth and volume changes could not be calculated for those scars.
RESULTS

SAFETY
Twelve patients with 19 scars completed the 6-month follow-up visit after the final AFR treatment. Three patients (with 3 scars) did not return for follow-up visits after their first AFR treatment. For the remaining 12 patients who completed the study, the incidence and mean severity (mean score for involved patients) for erythema, edema, dyschromia, petechiae, and scarring are summarized for each patient visit in Table 2 .
After treatment, immediate postprocedure erythema was noted. Erythema peaked at 72 hours after each treatment with mean scores ranging from 2.23 to 2.26, representing moderate to severe erythema. By 1 week after each treatment, erythema decreased to mild to moderate (1.27-1.40) severity. Four to 6 weeks after the second and third treatments, erythema severity was trace to mild (0.84-0.85). Three months after the final treatment, erythema had resolved completely in 10 of 12 patients (17 of 19 scars) and remained trace in 2 patients who received treatment to individual facial scars. By 6 months, the trace erythema resolved completely in these 2 patients. Trace erythema was noted in 1 patient (with 2 scars) at 6 months; however, no erythema was observed during this patient's 3-month follow-up examination. Overall, erythema tended to resolve more rapidly after the second and third treatments.
Mild to moderate (1.06-1.69) edema was routinely observed and peaked immediately after treatment. By 1 week after the first, second, and third treatments, edema had resolved in all but 2 patients (with 3 scars), 1 patient (with 4 scars), and 2 patients (with 3 scars), respectively. Mild edema was noted in only 1 scar at 4 to 6 weeks after treatment 1. By 4 to 6 weeks after treatments 2 and 3, the edema had resolved completely.
In 1 patient with type IV skin, mild to moderate hyperpigmentation of the treated area was noted after the first, second, and third treatments, but this resolved spontaneously and completely by 3 months after the third treatment. Three other patients with type II skin experienced episodes of transient hyperpigmentation that resolved spontaneously within 2 months. Two patients, one with type II and the other with type III skin, experienced mild to moderate hypopigmentation of the treated areas, but this resolved completely in both patients within Postprocedure petechiae resolved in all but 2 patients by 1 week after each of the 3 treatments, and no petechiae were present at the 4-to 6-week follow-up examinations. Crusting/pinpoint bleeding resolved by 1 week in most of the patients, and only focal crusting remained in less than half of the patients. By 4 to 6 weeks after treatment, no crusting/pinpoint bleeding was observed. No treatment-induced scarring was observed throughout the study period. No bacterial infections or episodes of viral reactivation occurred during the study. Table 3 provides the mean patient and investigator scores of improvement in skin texture, pigmentation, atrophy, and overall appearance. Improvement was observed in all scar variables after the first treatment, and subsequent treatments resulted in incremental improvement in all variables. For treated scars, maximal benefit was appreciated 3 to 6 months after the final treatment.
EFFICACY
Mean patient (1.50) and investigator (2.05) scores for skin texture improvement at 1 month after treatment 1 correlated with 1% to 25% and 26% to 50% improvement, respectively. The patient and investigator scores rose after each subsequent treatment, and the 6-month mean patient (2.79) and investigator (2.95) scores both correlated with a 26% to 50% improvement in skin texture. After treatment 1, pigmentation scores for patients (0.58) and investigators (0.68) correlated with a 1% to 25% improvement. Scores improved with further treatments, and the 6-month mean patient (2.32) and investigator (2.21) scores correlated with a 26% to 50% improvement in scar pigmentation (improvement in hypopigmentation). One month after the first treatment, the mean patient (1.84) and investigator (2.16) scores Abbreviation: Tx, treatment. a For improvement evaluations, 0 indicates none; 1, mild (1%-25%); 2, moderate (26%-50%); 3, marked (51%-75%); and 4, very significant (76%-100%). Improvement was noted by patients and investigators for all scars in all variables measured. Each successive treatment led to incremental improvements in each variable.
for skin atrophy correlated with 1% to 25% and 26% to 50% improvement, respectively. For all subsequent follow-up visits, the mean patient scores remained in the 26% to 50% improvement range. At 1 and 3 months after the final treatment, the mean investigator scores (3.06 and 3.27, respectively) for skin atrophy correlated with a 51% to 75% improvement, but the mean score (2.95) decreased slightly at the 6-month follow-up visit and correlated with a 26% to 50% improvement. At the final 6-month visit, patients rated 12 of their 19 scars (63%) as achieving a 51% or greater improvement, with 8 of 19 (42%) receiving ratings of 76% to 100% improvement in overall appearance. At this visit, investigators rated 17 of the 19 scars (89%) as achieving a 51% or greater improvement, with 3 of 19 scars (16%) receiving ratings of 76% to 100% improvement in overall appearance.
Subjective investigator and patient ratings of improvement correlated with objective measures of improvement generated from the topographical skin imaging. Three-dimensional topographical images were taken of scars before treatment and after completion of the treatment series. Figure 1 and Figure 2 each show a baseline and 6-month follow-up photograph of a treated scar; adjacent to each photograph is the baseline and 6-month follow-up topographic image corresponding to the adjacent photograph. For the topographic image in Figure 1D , the improvement in the treated scar is depicted by the decreased green and blue areas within the outlined scar. For the topographical image in Figure 2D , volume improvement is represented by the decrease in blue areas within the outlined posttreatment scar. With the use of the image analysis software, identical lines were drawn around the baseline and posttreatment scars, and the volume of each scar was calculated. From these measured scar volumes we calculated the percentage of change in scar volume from baseline to the 6-month follow-up visit. The percentage of improvement in scar volume was determined for 5 scars using this method. Table 4 shows that the percentage of volume improvement in these 5 scars ranged from 26.8% to 57.5%, with a mean improvement in scar volume of 38.0%. The maximum depths of these 5 scars were also calculated at baseline and at the 6-month follow-up visit, and the percentage reduction in maximum scar depth ranged from 26.3% to 40.9%, with a mean reduction of 35.6% (Table 4) .
COMMENT
This is, to our knowledge, the first prospective study demonstrating the effectiveness of AFR treatments for atrophic postsurgical and traumatic scars. Our data suggest that AFR is a safe and efficacious treatment for atrophic scars on and off the face, although a small number of offface scars were treated in this study. All included scars received 3 AFR treatments at 1-to 4-month intervals and were followed up for 6 months after the final treatment. For the energy fluences used in this study (20-100 mJ), dermal penetration ranged from approximately 600 to 1700 µm in depth. For facial scars, our most commonly used treatment settings were generally 70 mJ per pulse, 200 MTZ/cm 2 per pass, and 2 to 3 passes per treatment (27%-38% coverage). For off-face scars, the laser settings were generally 40 mJ per pulse, 200 MTZ/cm 2 per pass, and 2 to 3 passes (20%-30% coverage). However, our subsequent extensive clinical experience with AFR for off-face scarring suggests that higher fluences result in prolonged erythema of treated areas. This prolonged treatment site erythema becomes a cosmetic concern for many patients, and we frequently choose lower fluences to shorten posttreatment erythema. For off-face scarring, higher fluences create deeper ablation and therefore may produce more tissue remodeling and clinical improvement. Although possibly less efficacious, we obtain favorable results using lower fluences for off-face sites, and patients prefer this trade-off to shorten the duration of posttreatment erythema.
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